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Hidefumi Takahashi,1,2 Shintaro Ishiwata,2, 3 Ryuji Okazaki,4 Yukio Yasui,5 and Ichiro Terasaki1
1Department of Physics, Nagoya University, Nagoya 464-8602, Japan
2Department of Applied Physics and Quantum Phase Electronics Center (QPEC), University of Tokyo, Tokyo 113-8656, Japan
3PRESTO, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan
4Department of Physics, Faculty of Science and Technology,
Tokyo University of Science, Noda, Chiba, 278-8510, Japan
5Department of Physics, Meiji University, Kawasaki 214-8571, Japan
We investigated the effect of pressure on the magnetic and thermoelectric properties of Sr3.1Y0.9Co4O10+δ.
The magnetization is reduced with the application of pressure, reflecting the spin-state modification of the Co3+
ions into the nonmagnetic low-spin state. Accordingly, with increasing pressure, the Seebeck coefficient is
enhanced, especially at low temperatures, at which the effect of pressure on the spin state becomes significant.
These results indicate that the spin-orbital entropy is a key valuable for the thermoelectric properties of the
strongly correlated cobalt oxides.
PACS numbers: 75.30.-m, 72.20.Pa, 74.62.Fj
Transition metal oxides possess a variety of functional
properties emerging from the interplay between the charge,
spin, and orbital degrees of freedom.[1–3] The giant thermo-
electric effect in layered cobalt oxides is considered a typical
example. The thermoelectric effect reflects the relation be-
tween the electric current density j and thermal current den-
sity q, which is expressed as q/T = α j, where α is the Seebeck
coefficient. Here q/T can be regarded as the entropy current
density, i.e., α corresponds to the entropy per carrier.[4] In the
case of conventional metals, the value of α is small, i.e., of the
order of a few µVK−1, indicating the small entropy current
carried by the charge degrees of freedom. On the other hand,
NaxCoO2 has an unusually large α and exhibits metallic con-
ductivity, implying an additional contribution to the entropy
current other than the charge degrees of freedom.[5]
One possible origin of the giant thermoelectric effect in
NaxCoO2 is the large spin-orbital entropy inherent to the
various spin states of Co3+ (Co4+) ions,[5–7] i.e., high-spin
(HS), intermediate-spin (IS), and low-spin (LS) states with
the electron configurations, e2gt
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), respectively. Thus far, the spin entropy contribution
has been suggested as the likely origin of the large value of
α of NaxCoO2, based on the magnetic field dependence of
α.[8] However, the orbital contribution enriched by the spin-
state degrees of freedom has not been experimentally clarified,
largely because of the difficulty with the manipulation of the
spin state. In addition, the large α of NaxCoO2 can be ex-
plained by the unique band structure known as the “Pudding
Mold” type, instead of considering the degeneracy of 3d or-
bitals. Therefore, the contribution of the spin-orbital entropy
to α remains elusive.[9, 10]
The A-site ordered perovskite Sr3.1Y0.9Co4O10+δ is a
promising candidate to clarify the relation between the spin-
orbital entropy and α, because this compound contains Co4+
ions yielding hole carriers in the matrix of Co3+ ions with vari-
ous spin states, which can be sensitively controlled by external
pressure [11–13]. The crystal structure of Sr3.1Y0.9Co4O10+δ
is shown in Fig. 1. The structure consists of octahedral
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FIG. 1: (color online) Crystal structure of Sr3.1Y0.9Co4O10+δ. Oc-
tahedral CoO6 and tetrahedral/pyramidal CoO4.25 layers are alter-
nately stacked with insertion of the ordered Sr0.75Y0.25O layer. The
high-spin (HS) and/or intermediate-spin (IS) states of the Co3+ in
the CoO6 layer (enclosed within the red dashed square) at ambient
pressure change into the low-spin (LS) state with the application of
physical pressure.
CoO6 layers and tetrahedral/pyramidal CoO4.25 layers that are
stacked alternately.[14–17] X-ray diffraction, neutron diffrac-
tion, and resonant X-ray scattering (RXS) studies showed that
both the HS and IS states exist in the CoO4.25 and CoO6
layers.[18–20] The high-pressure neutron diffraction experi-
ments indicate that the spin configuration in the CoO6 layer
changes into the LS state owing to the pressure-induced en-
largement of the crystal-field splitting ∆CF, which separates
the t2g and eg orbitals (see Fig. 1).[19] In this study, we
demonstrate the important role of the spin-orbital entropy in
the thermoelectric property of cobalt oxides by investigating
the effect of pressure on the magnetic and thermoelectric prop-
erties of Sr3.1Y0.9Co4O10+δ.
A polycrystalline sample of Sr3.1Y0.9Co4O10+δ was pre-
pared by a solid-state reaction method. A mixture of SrCO3,
Y2O3, and Co3O4 with 5-mol % excess Co with regard to
the nominal composition was calcined at 1100 ◦C for 12 h
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FIG. 2: (color online) (a) Temperature dependence of the magnetic
susceptibility for various pressures at 0.1 T. Magnetic field depen-
dence of the magnetization for various pressures at 100 K (b) and
200 K (c).
in air. Note that samples prepared from a stoichiometric mix-
ture included a tiny fraction of unreacted Y2O3.[12] The cal-
cined product was ground, pressed into a pellet, and sintered
at 1100 ◦C for 48 h in air. The magnetization-temperature and
magnetization-field curves were measured by a commercial
superconducting quantum interference device magnetometer
(Quantum Design MPMS). The temperature dependence of
the resistivity ρ and α was measured in the temperature range
from 290 to 80 K by a conventional four probe method and a
steady-state method, respectively. The external pressure was
applied at room temperature using a piston cylinder clamp cell
made of CuBe. Daphne oil 7373 was used as the pressure-
transmitting medium.
We verify the spin-state modification in Sr3.1Y0.9Co4O10+δ
from the pressure dependence of magnetization M, shown in
Fig. 2(a). At ambient pressure, a ferro(ferri-)magnetic transi-
tion occurs at 340 K (Fig. 2(a)); the spins in the CoO4.25 layers
are antiferromagnetically aligned with the HS state, and the
existence of both the HS and IS states in CoO6 layers is con-
sidered to be responsible for the ferrimagnetism.[11, 18, 20]
In addition, the weak anomaly observed at approximately 180
K is attributed to the spin-state modification of Co3+; a small
portion of the HS or IS state of the Co3+ ions is converted into
the nonmagnetic LS state with decreasing temperature as well
as LaCoO3.[21–23] At low temperatures, M dramatically de-
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FIG. 3: (color online) Temperature dependence of the resistivity ρ
(a) and Seebeck coefficient α (b). The inset in Fig. 3(a) shows ρ as a
function of T−1/2, indicating variable-range-hopping (VRH) conduc-
tion with large Coulomb interaction.
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FIG. 4: (color online) Contour plots of ∆M0.1T [= M(0 GPa)-M(P) at
0.1T] (a) and ∆α [= α(P)-α(0 GPa)] (b) as functions of temperature
T and pressure P.
creases upon the application of pressure up to 1 GPa. Figures
2(b) and 2(c) show the magnetic field dependence of M at var-
ious pressures at 100 K and 200 K, respectively. The saturated
magnetization Ms is suppressed with increasing pressure, in-
dicating that the spin state of the Co3+ ions changes from the
HS or IS state with S = 2 or 1 to the LS state with S = 0.
Figures 3(a) and (b) show the temperature dependence of
ρ and α at high pressures up to 1.5 GPa. The value of α,
which has a positive sign, gradually decreases in a concave
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FIG. 5: (color online) (a) Pressure dependence of ∆Ms [= Ms(0) −
Ms(P)] at 100 and 200 K, where the saturated magnetization Ms is
estimated by extrapolation of the linear part of the M − H curves.
(b) Increase in the Seebeck coefficient ∆α as a function of pressure
at 100 and 200 K. Schematic illustrations of the carrier and entropy
currents at ambient (c) and high pressures (d).
upward manner on decreasing temperature, as typically seen
in a disordered semiconductor.[24] Likewise, ρ displays non-
metallic behavior, and logρ is linear to T−1/2 as shown in
the inset in Fig. 3(a), indicating that the carrier conduction
can be described by variable-range-hopping (VRH) with large
Coulomb interactions.[25, 26] These results imply that the in-
coherent hopping conduction is dominated by a small number
of holes on the minority Co4+ ions generated by the excess
oxygen, which conduct in the octahedral CoO6 layers as inco-
herent hopping carriers.[11]
As the pressure increases from 0 to 1.5 GPa, ρ is reduced
by one order of magnitude with retention of the nonmetal-
lic behavior. For transition metal oxides, resistivity reduction
with increasing pressure has been observed as a result of band-
width broadening. For example in La0.9Sr0.1CoO3, the resis-
tivity of ∼ 0.1 Ω cm at 300 K at ambient pressure decreases
by a factor of 10 at 2 GPa.[27] Thus, it is presumable that
the same mechanism works for the pressure-induced resistiv-
ity reduction in the present system. On the other hand, upon
increasing the pressure up to 0.8 GPa, at low temperatures α
is dramatically enhanced from 50 to 100 µVK−1, followed by
saturation above 1 GPa. The observation of the strong en-
hancement of α is incompatible with the classical band model
where α is roughly given as a function of the number of holes
per site, p, as −(kBlnp)/e for p ≪ 1.[12? ] If the enhance-
ment of α (∼ 50 µVK−1) is dominated by p, the applica-
tion of pressure should reduce p to nearly half of its original
value, which results in an increase in ρ. However, ρ decreases
with increasing pressure in our experiment, suggesting that p
does not determine the value of α. Furthermore, the varia-
tion in α is remarkable compared with other strongly corre-
lated electron systems such as the analogous transition-metal
oxide La1−xSrxCuO4 (x = 0.22) and the heavy electron ma-
terials YbCu2Si2, which exhibit substantially small pressure
effects of 5 µVK−1/GPa and −3 µVK−1/GPa at 100 K through
a band structure modification and weakening of the Kondo ef-
fect, respectively.[29, 30]
In order to clarify the origin of the unusual enhancement
of α, we compare the effect of pressure on M with that on
α. The counter plots of ∆M0.1T [= M(0 GPa)−M(P) at 0.1T]
and ∆α [= α(P)−α(0 GPa)] as functions of temperature T and
pressure P are depicted in Fig. 4(a) and 4(b), respectively.
It is noted here that both plots show highly similar features,
suggesting the close relation between the suppression of M
through the spin-state modification and the highly enhanced
α.
Here, we have presented further insight into the effect of
pressure on M and α to clarify the impact of the spin-state
modification on α. Figure 5(a) shows∆Ms = Ms(0)−Ms(P) as
a function of pressure, where the saturated magnetic moment
Ms is evaluated from the M − H curve. At 100 and 200 K,
∆Ms linearly decreases with increasing pressure at the rate of
0.3 (µB/Co)/GPa and 0.15 (µB/Co)/GPa, respectively.Similar
linearity in the pressure dependence of ∆α = α(P) − α(0) is
observed at 100 and 200 K as shown in Fig. 5(b), where the
application of pressure enhances ∆α. The linear pressure de-
pendence of ∆Ms and ∆α enables us to evaluate the propor-
tional coefficient γ determined by ∆α(P) = γ∆Ms(P) below 1
GPa. Interestingly, γ is found to have almost the same value
of 200 (µV/K)/(µB/Co) at 100 and 200 K, demonstrating that
the suppression of the magnetic moment enhances α.
Considering the close relation between the pressure depen-
dence of ∆Ms and ∆α, it is reasonable that the spin-state mod-
ification, which changes the spin-orbital entropy, affects the
value of α. Given that the transport properties are character-
ized by the incoherent hopping of the localized charge carri-
ers, which are the holes of the Co4+ in the matrix of the Co3+
for Sr3.1Y0.9Co4O10+δ, α is linked to the spin-orbital entropy
by means of the extended Heikes formula:[6]
α(T ) = −
kB
e
ln
[
g3
g4
p
1 − p
]
, (1)
where g3 and g4 are the spin-orbital degeneracy of the Co
3+
and Co4+ ions, respectively, and p is the concentration of the
Co4+ ion corresponding to the hole density.This expression
can be divided into the terms representing the carrier concen-
tration αp (= −(kB/e)ln[p/(1− p)]) and the spin-orbital degen-
eracy(entropy) αso (= −(kB/e)ln[g3/g4]).
Here, we estimate the contribution of the spin-orbital en-
tropy to α with this extended Heikes formula. Note that above
TN the Heikes formula is no longer appropriate to evaluate
α, because the system becomes metallic and α becomes con-
siderably small.[31] On the other hand, since thermopower
around room temperature is severely affected by spin fluctu-
ation enhanced around TN, we have conducted the analysis
4based on the Heikes formula at low temperature well below
TN. It has been reported that this formula is applicable to ob-
tain a rough estimation for α below room temperature in a
system with correlated hopping transports,[32] which is also
the case for the present system showing nonmetallic behavior
even at high pressures. In addition, when pressure is applied,
p seems to be constant in this system, since the carrier trans-
port arises from the hopping conduction of the holes on the
Co4+ ions, which result from the oxygen nonstoichiometry.
We, therefore, expect that only αso is substantially enhanced
by the pressure.
For Sr3.1Y0.9Co4O10+δ, αso is determined by the spin state
of the CoO6 layers, in which the HS and/or IS state exist at
ambient pressure. As has been reported in previous studies
involving neutron scattering measurements, the pressure in-
duces the spin-state modification, where half of the spins in
the CoO6 layers changes to the LS state at 2 GPa.[19] Pro-
vided that all the HS or IS states of Co3+ change to the LS
state, ∆αso [= αso(LS)-αso(HS) or αso(IS)] is evaluated to
be (kB/e)ln(15/1)∼ 230 µVK
−1(HS) or (kB/e)ln(18/1)∼ 250
µVK−1(IS), where the LS state of the Co4+ is maintained un-
der pressure: the values of g3 of the HS, IS, and LS states
are 15, 18, and 1, respectively, and g4 of the LS state is 6.[6]
Given that 25 % of the Co3+ ions in the CoO6 layers changes
to the LS state at 1 GPa as expected from the neutron scatter-
ing measurements, ∆αso is evaluated to be ∼ 60 µV/K, which
is comparable to the experimental value at 100 K (∼ 50 µV/K).
Finally, we analyze the effect of pressure on α in terms of
the charge and entropy current. At ambient pressure, Co3+ and
Co4+ are in the HS/IS and LS states, respectively. The HS/IS
(Co3+) commonly possesses higher degeneracy than the LS
(Co4+) due to the larger spin and orbital degrees of freedom.
This situation yields a negative value of αso, since the value
of g3/g4 exceeds unity. On the other hand, when the HS/IS
(Co3+) is converted into the LS state at high pressure, the value
of g3/g4 becomes smaller than unity, since the spin and orbital
degeneracy of the LS state disappears. In this case, the value
of αso should be positive. While the observed large positive α
is attributed to the carrier contribution αp because of the small
carrier concentration (p ≪ 1),[12] the putative sign change
of αso reflecting the spin state modification can be a source of
the positive enhancement of α (= αp + αso). In other words,
at ambient pressure, the entropy current associated with the
hopping of hole carriers of Co4+ αp j in the matrix of HS/IS
Co3+ is counterbalanced by the spin-orbital entropy current
αso j (αp > 0, αso < 0). In contrast, at high pressure, for the
spin-state modification of Co3+ to the LS state, both entropies
are additive to the entropy current (αp > 0, αso > 0), resulting
in the positive enhancement of α (Fig. 5). This result proposes
that, in transition-metal compounds, the manipulation of the
spin and orbital by changing the lattice parameters with the
isovalent chemical substitution can significantly improve the
thermoelectric efficiency.[12]
In summary, we measured the pressure dependence of the
magnetization, electrical resistivity, and Seebeck coefficient
for Sr3.1Y0.9Co4O10+δ. The Seebeck coefficient undergoes sig-
nificant enhancement relevant to the suppression of the mag-
netic moment, which is induced by the spin-state modification
of the Co3+ spins in the CoO6 layers. Our results revealed that
the thermoelectric properties are subject to the spin-orbital en-
tropy, and stimulate the exploration of new thermoelectricma-
terials by manipulating the spin state of a magnetic compound.
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